ABSTRACT: Hydration of mineral surfaces, a critical process for many technological applications, encompasses multiple coupled chemical reactions and topological changes, challenging both experimental characterization and computational modeling. In this work, we used reactive force field simulations to understand the surface properties, hydration, and dissolution of a model mineral, tricalcium silicate. We show that the computed static quantities, i.e., surface energies and water adsorption energies, do not provide useful insight into predict mineral hydration because they do not account for major structural changes at the interface when dynamic effects are included. Upon hydration, hydrogen atoms from dissociated water molecules penetrate into the crystal, forming a disordered calcium silicate hydrate layer that is similar for most of the surfaces despite wide-ranging static properties. Furthermore, the dynamic picture of hydration reveals the hidden role of surface topology, which can lead to unexpected water tessellation that stabilizes the surface against dissolution. KEYWORDS: dissolution, hydration, molecular dynamics, surface properties, water adsorption, calcium silicate
■ INTRODUCTION
The hydration and dissolution of minerals is of crucial importance for a broad range of natural and synthetic phenomena: from the stability of minerals and rocks in watersheds and aquifers, 1 to hydrogen production and other heterogeneous catalytic reactions, 2, 3 to the production, utilization, and ultimate degradation of building materials, 4 and to the durability of biomaterials, 5 to name only a few examples. The key properties at play during dissolution are controlled by interfacial reactions between water molecules and the solid surfaces, which can be probed experimentally via techniques such as AFM, vertical scanning interferometry (VSI), and the study of isotope exchange or solute fluxes to provide general information regarding the reaction rates or qualitative information about the formation of steps, pitches, and so on. 6 However, in many applications, much more control over the hydration and dissolution is desired, such as the ability to moderate the rate 7 or preferentially favor the dissolution of one crystal facet over other. 8 To achieve such control, a deeper understanding of the molecular mechanisms governing hydration and dissolution is necessary.
In this work, we use atomic-scale simulations to study the hydration of a calcium orthosilicate. We take a multistep approach, which is critical to piece together the relevant physical processes underlying hydration and dissolution. First, we analyze the surface energies and water molecule adsorption, extending beyond traditional approaches in order to obtain a more accurate picture of these properties. Next, we compare these surface properties with the results obtained from simulating a realistic hydration process over a period of 2 ns. We discuss the differences between the static and dynamic pictures and show that topological changes render the properties of the former useless for predicting mineral hydration processes. A number of features related to the dissolution of the surface appear only in the context of accurate molecular dynamics simulations over relatively long time scales. 9, 10 We have chosen tricalcium silicate as a model system because of its technological interest. (It is the most abundant phase in ordinary portland cement.) With more than 3 × 10 9 tons of cement produced worldwide per year 11 and roughly 7.5 × 10 9 m 3 of water used to hydrate it (equivalent to 3 million Olympic-size swimming pools), the dissolution of this material represents arguably the most abundant and technologically relevant mineral hydration reaction, yet surprisingly little is known about the mechanism behind tricalcium silicate hydration, especially at short hydration times. 12 
■ COMPUTATIONAL METHODS
The simulations were carried out using the ReaxFF reactive force field 13 as implemented in the LAMMPS simulation package. 14 The ReaxFF set of parameters employed in this study was created merging the Si−O−H and Ca−O−H sets developed independently by Fogarty et al. 15 and Manzano et al. 16 The full set has been previously employed to study structural and mechanical properties of amorphous and crystalline calcium silicate hydrates 17−20 and clays. 21, 22 A test on the accuracy of ReaxFF capturing water dissociation reaction in a calcium orthosilicate model cluster is included in the Supporting Information.
From bulk tricalcium silicate, we built slabs at least 4 nm thick and larger than 2.5 nm in the periodic directions. The vacuum region was set to 3 nm in all the cases. Energy minimizations were done using the Polak−Ribiere version of the conjugate gradient algorithm, with cutoff tolerances of 10 −5 kcal mol −1 and 10 −6 kcal mol −1 A −1 for the energy and forces, respectively. Molecular dynamics were carried out in the canonical ensemble at 298 K and 1 atm, with a Nose−Hoover thermostat constant of 20 fs, integrating the equations of motions using the velocity−Verlet algorithm with a time step of 0.2 fs. For each slab, the appropriate number of water molecules to match a density of 1 g cm −3 in the vacuum region were placed randomly using packmol 23 and then relaxed independently from the slab. The water and the crystal surfaces were then put into contact and the dynamics started with initial random velocities generated from a Gaussian distribution of energies at 298 K. To avoid energy transfer to zero-frequency modes, the velocity of the center of masses was removed every 10 3 steps.
■ RESULTS AND DISCUSSION
Static Picture 1: Bare Surface Energetics. The disruption of the atomic structure via the formation of a surface, compared to the arrangement in the bulk, induces a free-energy defect referred to as the surface energy. High values of the surface energy indicate larger surface instabilities because of undercoordinated atoms and strained or broken bonds. It is reasonable to assume that for a given crystal less stable surfaces will tend to be more reactive and to develop stronger chemical interactions that lead to surface energy minimization. 24, 25 Thus, we begin our analyses of the static picture with a set of calculations of the surface energies for low-index planes.
Surface energies (γ) are routinely computed from atomistic simulations using the relationship
where G slab and G bulk are the free energies of the constructed slab and the bulk material, respectively, n is the number of bulk units cell used to create the slab in the perpendicular direction, and A is the area of the generated surfaces. This expression assumes that the slab has the same termination in both sides, hence the factor 1 / 2 . In crystals with low symmetry, this assumption is not always fulfilled, and the surface energy is actually the cleavage energy, i.e., an average of the top and bottom surface energy values. Tricalcium silicate has a symmetry group of Cm, so we can construct symmetrically equivalent surfaces only in the (010) direction if a glide symmetry operation is applied. 27 Various strategies have been used to overcome this problem in some specific cases. For instance, the energy of surfaces with steps and kinks can be computed if a symmetric slab is available as a reference. 28 In slabs with different composition in each side, the relative surface energies can be obtained as a function (001) planes, respectively. For the asymmetric case (a.2), the independent surface energies can be obtained by dividing the system into two subslabs and computing their energies independently, as shown in a.3. The bottom surface of slab A is in contact with slab B, and it can effectively be considered to be in the bulk. (b) Computed surface and cleavage energies. The cleavage energy is calculated using the traditional definition of the surface energy, 26 whereas the individual surface energies are calculated using the split-slab method presented here. Two views of the Wulff shape constructed using (c.1 and c.2) cleavage energies and (c.3 and c.4) using the individual surface energies. The asymmetric equilibrium morphology can be observed in the latter.
of the chemical potential of the components. 29 Here we have used a new approach based on a split evaluation of the slab energy. We group the atoms in two equivalent subslabs A and B, as shown in Figure 1a . Slab A has one surface exposed to the vacuum, whereas the other is in contact with slab B, which is equivalent to being in the bulk if slab B slab is thick enough. In such a system, the energy difference between the bulk and subslab A comes only from a single surface contribution, and the surface energies can be computed as
where all the quantities denote the same variables as in eq 1, except that n is the number of bulk units cell used to create the subslab in the perpendicular direction. Essentially, this approach is simply dividing the energy of slab into the contribution of two separate groups so that each surface is evaluated independently. This procedure can be used to evaluate independently the surface energy of asymmetric slabs or surfaces with structural imperfections without any other reference system than the bulk. The computed surface energies are in the range of 1.08−1.75 J m −2 , in good agreement with more accurate quantum mechanical calculations 29 as well as empirical simulations. 30 As shown in Figure 1b , the decomposition into independent surface energies reveals a considerable difference between complementary surfaces, up to 25% of the maximum value. The importance of this difference cannot be understated. Note that both the maximum and minimum energy surfaces are incorrectly identified with the standard cleavage energy (average over both surfaces): One of the sides of the (110) cut is the highest energy surface as opposed to the (010) surface predicted by the average cleavage energy, whereas one of the sides of the (001) cut is the lowest energy case, the value of which is considerably lower than the lowest surface energy predicted by the average cleavage energy.
In addition to the importance of identifying the lowest energy facets, the combination of surface energies is crucial in order to predict realistic Wulff shapes and corresponding exposed facets in a particle. As can be seen in Figure 1c , crystal asymmetry has a strong impact on the equilibrium morphology, which is of great significance for the study and development of low-symmetry materials in a range of applications. 31 Static Picture 2: Water Sorption Energetics. Beyond the bare surface energies, a static approach often employed to understand the propensity of mineral surfaces toward hydration involves the calculation of the water physi-or chemisorption energies. 32−34 The surfaces of tricalcium silicate are heterogeneous and present multiple possible adsorption sites where water molecules could physisorb and/or dissociate. To view the energetics of this landscape for the full surface (as opposed to simply the most stable adsorption site), we have constructed the adsorption energy surface (AES) of a water molecule over Ca 3 SiO 2 surfaces. A water molecule is placed in a fine grid of positions near the surfaces, fixing the oxygen atom position in the plane parallel to the surface while allowing structural relaxation of both the surface and the molecule. To avoid artifacts caused by the initial water molecule alignment, 12 orientations were tested at each point of the grid. The most stable configuration and energy at each point are recorded, leading to a map of adsorption energies, i.e., the AES. In addition, we verify at each point of the computed AES whether the water molecule undergoes dissociation or not and construct the corresponding dissociation map. An example of the AES and dissociation map is shown in Figure 2 . (The Supporting Information contains further details regarding the procedure to build them as well as the full results for all surfaces.)
The AES are considerably heterogeneous and differ from one surface to another because of the low symmetry of the crystal. There are multiple possible adsorption sites, but in general, the water oxygen atom is coordinated to a surface calcium cation and the hydrogen atoms tend to form hydrogen bonds with surface oxygen anions. In some cases, when the surface topology presents a cation−anion pair at an appropriate distance, the water molecule dissociates forming a hydroxyl pair, as found for alkaline earth oxides, 16 ,32 metallic oxides, 35, 36 and binary oxides. 37, 38 It is interesting to note that such dissociative adsorption can take place during energy minimization, indicating a reaction without energy barrier. Furthermore, the reaction can take place independently whether the ionic oxygen or silicate oxygen atoms are involved. DFT simulations 26, 39 showed that in the bulk crystal the ionic oxygen atom is more reactive than the silicate one, yet that difference is apparently dismissed in the surface.
The most probable dissociative and associative configurations are detailed in the Supporting Information. Nevertheless, the main advantage of the AES is that we can study the energetics of the adsorption globally, rather than at only a single (e.g., the most energetic) adsorption site. The average adsorption energy values range between −36 and −24 kcal mol −1 , corresponding to the (010) and (001) surfaces, respectively.
A fundamental step during hydration and dissolution is the reaction of water molecules with the solid surface. Therefore, the reactivity can be related to the amount of surface area where water undergoes chemisorption. As expected, the points where water reacts are those with the highest energy in the AES because dissociative sorption is generally more energetic than associative sorption. According to our simulations, the (001) surface has the largest reactive area, about 30% of the total, whereas its complementary (001̅ ) surface does not show any spontaneous reactive site.
As mentioned above, the relative surface energy for a crystal is usually proportional to the degree of undercoordination of the atoms at the surface. 27 However, our calculations noticeably show that there is no direct correlation between the surface energies of the crystalline slab and the surface area where water reacts or its average adsorption energy, as can be see in Figure  2c . A surface with a large number of undercoordinated cations might translate into a high surface energy, but if the anionic counterpart is not at an appropriate position, then (dissociative) adsorption might not be favorable. Hence, there is no necessary correlation between surface energies and the water adsorption energies because consideration of the distinct topological aspects of the surface is crucial in each case.
Dynamic Picture 1: Hydration and Early Dissolution Process. The static energetics of the interaction of water with the surface can provide important intuition regarding the zerotime picture. However, in order to understand the initial hydration mechanism of a tricalcium silicate surface, we allow time to evolve, following the dynamics of a system composed by tricalcium silicate slabs in contact with bulk water at room temperature and under pressure conditions for a period of 2 ns. In Figure 3a , we show the number of water molecules reacted per surface area for the different cleavages. There is an initial rapid step (∼0.3 ns) when water dissociates on the bare crystal surfaces, after which the hydration process enters a second stage when the reactions slow down and reach a steady-state regime. It is noteworthy that different surfaces, despite possessing quite different static energetics, reach the steadystate regime at roughly the same time in our simulations and that the number of water molecules dissociated per surface area is almost identical. (There is a clear exception for the (001) surface that we will discuss later in detail.) According to our MD simulations, the hydration mechanism of tricalcium silicate can be described as a "reaction and hopping" process. First, water molecules dissociate in the surface to form hydroxyl pairs. Then, there is a proton hopping from the hydroxyl groups toward the inner oxygen atoms, leaving the initial oxygen atom free for posterior water dissociation (details in the Supporting Information). The same type of mechanism has been observed in the hydration of silica glasses. 15, 40 However, we did not observe hydronium ions or pentacoordinated silicon during the proton hopping. These species facilitate proton transfer between bridging oxygen atoms within the rigid 3D network in silicate glasses. 40 In contrast, tricalcium silicate is more flexible because of the lack of a 3D covalent bond network, 39, 41 which makes unnecessary the formation of hydronium ions. Protons can therefore penetrate into the crystal, hopping from one oxygen to another, as reported for proton transfer in perovskites. 42, 43 The amount of adsorbed water into the crystal and its penetration depth can be analyzed by computing the timeresolved atomic density profiles (TRDP). TRDPs specify the density of a given element in the direction perpendicular to the surface, and after defining the position of the Gibbs plane, i.e., the infinitesimal layer that divides the solid and the liquid, they allow us to explore the water adsorption and ion desorption from the solid. In this work, the TRDP were computed using atomic density profiles averaging 5 ps trajectories every 50 ps. We observe a highly variable thickness of the dissolution front, i.e., the space where solid and water species coexist, ranging from 0.3 to 0.8 nm thick depending on the surface. Conversely, as depicted in Figure 3a , the amount of water reacted per surface area unit is almost the same in all the surfaces (4 H 2 O nm
−2
). This result suggests that the crossover in the water dissociation rate is associated with complex structural adjustments and not simply to the saturation of the outermost oxygen atoms. The TRDPs also show the desorption of calcium ions and silicate groups from the solid. Calcium desorbs quickly and tends to accumulate as inner-and outersphere complexes at the surface. 7,44−46 The high concentration of metal ions in the surface is also consistent with ζ potential measurements of tricalcium silicate suspensions. 47 Instead, the silicate groups do not translate but rather only rotate with their center of mass held in their initial positions, contributing the formation of a disordered interphase.
Essentially, the dissolution process that we observe is consistent with the ligand-exchange model. 7, 44, 45 This basic model assumes that the dissolution of an ion from a solid can be viewed as an analogue to a simple ligand-exchange reaction of the ions in solution, in which the exchange is from a metal− oxygen bond of the solid to a metal−oxygen bond of the solvent. In our simulations, we observe that ligand exchange is chemical-reaction-mediated: As water dissociates, hydrogen penetrates into the crystal, protonating oxygen atoms and breaking the calcium bonds with the crystal framework. Ca atoms then desorb toward the solution to fill their coordination shell with water molecules. Therefore, we can state that the ligand exchange is not merely a molecular surface process; 48 therefore, the topochemical reactions occuring as hydrogen migrates into the crystal are key steps of the dissolution. An important technological consequence is that the ligandexchange model predicts the fastest dissolution rate among orthosilicate minerals to those formed by calcium. Therefore, the reaction rate of tricalcium silicates in cement cannot be increased by cationic substitution (if there are not structural changes or defects associated with it).
Remarkably, as we moved from the static to the dynamic view of dissolution, we found that none of the static surface properties (γ and water adsorption energies) translate into the different hydration rates and mechanisms. The reaction rate is only different at very short reaction times, on the order of tens of picoseconds as can be seen in Figure 3a (inset). The reason behind the homogeneous behavior of the surfaces is their topological evolution upon hydration. As the reactions proceed, the surfaces lose their crystalline order and form a disordered calcium silicate hydrate. The disorder is originated by the adsorption of water, desorption of calcium, and rearrangement of the silicate tetrahedron. The new interfaces are similar in structure and stoichiometry independent from the initial cleavage, diminishing the impact of different static surface energies on the behavior observed in the hydration process.
Dynamic Picture 2: Water Tesselation. As noted earlier, the water dissociation rate on the (001) surface does not follow the same trend as other surfaces. After initially abrupt water dissociation, the surface becomes stable, and no further reactions are observed. Contrary to the other cases already discussed, for this surface the temporal density profiles do not reveal disorder at the surface. Instead, water molecules organize at the surface without penetrating into the crystal, and calcium ions do not desorb from the surface, maintaining a crystalline order. The cause for this behavior is a water tessellation process, which creates a stable configuration that prevents hydration. Water tessellation, which refers to the patterning of water molecules in a quasi-static 2D sheet, has been observed in various materials, 49−52 and reactive Monte Carlo simulations have shown that it can stabilize crystalline surfaces, inhibiting hydration. 53 In tricalcium silicate, the tessellation takes place by the adsorption of water molecules and hydroxyl groups in welldefined surface sites forming a half-dissociated monolayer with a hexagonal structure. The hydrogen atoms from both water molecules and hydroxyl groups are oriented toward the solution and stabilized by hydrogen bonds with one another as well as with the interfacial bulk water molecules. Similar arrangements have been found in metal/water interfaces. 49 Interestingly, the presence of hydroxyl groups (half-dissociated monolayer), such as those we find in tricalcium silicate, has been found to be more stable than a molecular monolayer in Ruthenium/water interfaces. 54 The icelike character of the tessellated water layer is quantified by examining the rotational and translational motion of the molecules. Rotations are characterized by the dipole moment reorientation dynamics. The dipole orientation autocorrelation time (C(t)) of water molecules in the tessellated case is similar to that of supercooled water, 55 which indicates a low rotational motion (Figure 4) . Further, the mean square displacement of the molecules shows that the water molecules are fixed in their adsorption sites and do not translate. In addition to the well-organized icelike monolayer, we can see from the temporal density profiles that the order extends to the first layer of water molecules, induced by strong interactions with the icelike monolayer. These water molecules display a rotational and translational motion intermediate between that of liquid water and the tessellated water. The decrease or even suppression of translational motion of adsorbed water has been also found by MD simulations in metals 56 and titanium oxide polymorphs. 57 Overall, the surface is stabilized by the formation of a tessellated icelike water layer, a strongly structured water layer with restricted dynamics. These three water regimens were also observed for Rutile and Cassiterite surfaces both from MD simulations and quasi-elastic neutron-scattering experiments. 58 
■ CONCLUSIONS
Through this work, we have employed reactive force field molecular dynamics to understand the hydration and dissolution of a model orthosilicate mineral, tricalcium silicate. First, we analyzed in depth the static surface energies and the water adsorption energies. To asses properly the relevant quantities, we used a novel procedure to compute the surface energies of asymmetric slabs, and we mapped the water adsorption energy and water dissociation sites in great detail for the whole surface. Interestingly, we did not find any correlation between the investigated static properties.
The lack of correlation becomes even more marked when we move to study the dynamic hydration and dissolution via molecular dynamics simulations of the mineral/water interfaces under realistic conditions. As water reacts with the surface, important topological changes take place modifying the surface structure, and the correlation with the surface properties is lost. Therefore, we conclude that the hydration of minerals cannot be predicted from the static properties as has been traditionally done, and dynamics become necessary to observe the topochemical reactions and understand them.
The hydration mechanism of tricalcium silicate reactive surfaces can be summarized as a reaction and hopping process. Water reacts with the surface oxygen atoms forming hydroxyl pairs. Then, the hydrogen atoms penetrate into the crystal, hopping from surface to inner oxygen atoms following a Grotthuss-type mechanism. The protonation reactions break the calcium−oxygen bonds, and calcium desorbs from the bulk to the surface, forming inner-and outersphere complexes. Overall, the surface of the crystal evolves toward a disordered calcium silicate hydrate. The hydration induces a disorder as the surface evolves toward a hydrated calcium silicate, and as a result, the reaction rates homogenize. However, we also observe an unexpected opposite effect, wherein a water tessellation process preserves the crystalline order of the surface by the formation of a stable icelike monolayer, inhibiting hydration.
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